Introduction
Titanium (Ti) is widely used in various fields because of its excellent properties such as high strength to density ratio and high corrosion resistance; in addition, titanium is the ninth most abundant element on the Earth's crust. 1) However, titanium is still used to a much lesser extent than iron (Fe) or aluminum (Al), mainly because of low productivity and high production costs involved at all processing stages. 1) For example, the cost of processing titanium ore is 15 times higher than that required for processing iron ore. 25) To reduce the production costs, it is imperative to improve the early stages of titanium production by developing a simple and effective processes for processing titanium ore to titanium metal.
Ilmenite and rutile are the key minerals used for titanium production. Chemical formula of ilmenite is FeTiO 3 with 3065% TiO 2 , while that of rutile is TiO 2 with 95100% TiO 2 . 1, 6, 8, 9) If we consider only the concentration of TiO 2 , rutile will be the most appropriate feedstock for the manufacture of titania (TiO 2 ) pigment or titanium metal. However, ilmenite is used much more extensively as a feedstock. For example, the global production of ilmenite was eight times higher than that of rutile in 2011. 7) This is because the price of ilmenite is much lesser than that of rutile. Further, ilmenite is much more readily available than rutile, with the share of ilmenite in the world mine reserves being 94%. 7) Therefore, the role of ilmenite as the source for the titanium mineral is expected to become gain more significance.
As shown in Fig. 1 , several processing stages are generally required for removing iron from titanium ore for producing TiO 2 pigment or titanium metal using ilmenite as the feedstock. 1, 6, 8, 9) In many cases, first, ilmenite is upgraded to high purity TiO 2 by the Becher process, 10, 11) the Benilite process, 1214) or the slag production process. 15) It is important to reduce the amount of iron in the TiO 2 ore feed for reducing the amount of chloride wastes and the chlorine loss during the chloride process 16) or the Kroll process. 17) Many companies place a lower limit on the purity of TiO 2 feed before placing the feed into the chlorinator. Usually the feeds containing at least 90% of TiO 2 are used. 18, 19) Some countries including Japan have much more strict criteria for a purity of TiO 2 feed, and a purity of over 95% TiO 2 is required in the Kroll process. However, due to the increase in the price of the TiO 2 feed by, for example, the increase in the consumption of TiO 2 feed in China, recently, some companies in Japan have begun to use 90% TiO 2 feed in order to reduce the cost of the feedstock. 20) In the Becher process, various types of titanium ores are used as feedstocks. 21) However, multiple stages are required for treating iron, and a huge amount of iron compounds are dumped as wastes. In the Benilite process, processing of iron is simpler than the other processes. However, this process makes use of highly concentrated 1820% HCl and only limited types of titanium ore is used as a feedstock. 21) In the slag process, iron in the titanium ore is reduced to metal by a carbothermic reaction, and TiO 2 slag and iron metal are separated. The scale of the slag process is large, and it is high speed process. However, TiO 2 with a low purity of 7586% is obtained. For obtaining high purity TiO 2 slag, it is essential to employ additional upgrading process such as the upgrade slag (UGS) process, 15) which entails multiple steps for the further removal of iron.
Extensive research has been conducted to improve the currently used upgrading processes of titanium ore. Among the various processes, selective chlorination has gained significant attention. In the selective chlorination process, iron is only removed directly from the titanium ore as iron chlorides and high purity TiO 2 is obtained. The selective chlorination processes investigated so far have entailed the use of chlorine gas (Cl 2 ) under carbon 2225) or CO/Cl 2 mixture atmosphere, 2628) or metal chlorides as the chlorine source.
2932) Among these processes, the first two processes require Cl 2 gas and installation of the reactor become costly and it also has environmental issue for operation.
The selective chlorination process that uses metal chlorides was recently developed by Okabe et al. 29, 30) In recent studies, the authors investigated further improvement of the selective chlorination using calcium chloride (CaCl 2 ) as the chlorinating agent, and 97% TiO 2 was successfully obtained directly from titanium ore containing 51% TiO 2 in a single step. 31, 32) However, because CaCl 2 was used as chlorinating agent, it was needed to decrease the activity of CaO by the production of complex oxides such as CaTiO 3 for producing HCl gas. In addition, high purity TiO 2 could not be obtained when the experiment was conducted under Ar gas flow atmosphere.
Recently, on the basis of thermodynamic analysis, 33) it was anticipated that extracting chlorine source such as HCl gas from MgCl 2 rather than CaCl 2 is easier because HCl gas can be produced even under standard state condition (a MgO = 1), and is possible even at lower temperatures. In this study, in the viewpoint of improvement of HCl gas production and the verification of feasibility for upgrading titanium ore by utilizing MgCl 2 for the selective chlorination, the authors used MgCl 2 as a chlorinating agent to remove iron directly from the titanium ore. Figure 2 shows the flow diagram of the process used in this study. As shown in Fig. 2 , the process investigated in this study consists of two selective chlorination processes. One selective chlorination process uses MgCl 2 to chlorinate the iron in the titanium ore of the titanium ore/MgCl 2 mixture. The other selective chlorination process uses HCl gas produced from the titanium ore/MgCl 2 mixture to chlorinate the iron in the titanium ore. The selective chlorination investigated in this study has the following advantages; (1) it does not involve handling of highly concentrated HCl or Cl 2 gas, (2) high purity titanium dioxide is obtained directly from the titanium ore in one step by a simple scalable method under Ar atmosphere, and (3) various types of titanium ore can be used as a feedstock. Figure 3 shows the schematic of the experimental apparatus used in this study. MgCl 2 (anhydrous; purity ²97.0%; granular; Wako Pure Chemical Industries, Ltd.) was dried in a vacuum dryer (EYELA, VOS-201SD) for more than 3 days at 473 K before use. In addition, natural ilmenite produced in Vietnam, Australia and China were used as feedstocks. The compositions of the titanium ores are shown in Table 1 . The particle of titanium ore sample was separated according to particle diameter using sieve before high temperature experiments. The particle size ranged from 44 to 149 µm was prepared by grinding and sieving the particle size ranged from 149 to 210 µm before the experiments.
Experimental
Before the experiments were carried out, a mixture of MgCl 2 and titanium ore was placed in the molybdenum-lined Fig. 3 Schematic of the experimental apparatus used in the present study. Natural ilmenite produced in Australia. * quartz crucible (quartz crucible: º = 26 mm, I.D.; d = 24 mm, depth). In addition, the titanium ore was placed in a quartz crucible (º = 31 mm, I.D.; d = 13 mm, depth). After placing the samples in the two crucibles, both crucibles were placed into the quartz tube (º = 41.5 mm, I.D.; l = 545 mm, length), and then an appropriate atmosphere was provided for the samples in each experiment. The quartz tube was then placed in a horizontal furnace that was heated to up to 1000 K. Table 2 shows the experimental conditions used in the present study. When the experiments were conducted under vacuum, the quartz tube was evacuated twice for 10 min each before the experiments. Ar gas (purity >99.9995%) was filled into the quartz tube between the evacuations until the internal pressure was 1 atm.
When the experiments were conducted under Ar gas atmosphere, after evacuation (carried out as mentioned above), Ar gas was filled until the internal pressure of the quartz tube was 1 atm. After the internal pressure of the quartz tube became 1 atm, the quartz tube was flowed with Ar gas at the rate of 50 sccm via a mass flow controller (MFC), while maintaining the internal pressure of the quartz tube at 1 atm during experiments.
When the experiments were conducted under Ar + H 2 O gas atmosphere, water in a bubbler was bubbled with Ar gas for 30 min to remove the dissolved oxygen. After pretreatment of the water, the quartz tube was filled with Ar gas until the internal pressure of the tube reached 1 atm after the evacuation procedure. Subsequently, Ar gas was injected through the water bubbler and the gas flow rate was maintained at 50 sccm by the MFC, while the internal pressure of the quartz tube was maintained at 1 atm. The temperature of the water in the bubbler was controlled by using a mantle heater (Model No.: HF-200S, As One Co.) and maintained at 303 K.
After a preset reaction time, the quartz tube was instantly taken out of the furnace and cooled down at room temperature. The residues in the quartz crucible were analyzed without subjecting the samples to any leaching process. However, the residues in the molybdenum-lined quartz crucible were dissolved in deionized water for two hours by sonication at room temperature and then leached in 20% HCl aqueous solution for 30 min with stirring at the rate of 300 rpm at room temperature.
The compositions of the residues obtained in both crucibles were analyzed using X-ray fluorescence spectroscopy (XRF: JEOL, JSX-3100RII), their microstructures and compositions were analyzed using scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDS: JEOL, JSM-6510LV), and their crystalline phases were identified using X-ray diffraction (XRD: RIGAKU, RINT 2500, CuK¡ radiation) analysis.
Mechanism of Selective Chlorination
To understand the mechanism of the selective chlorination thermodynamically, FeTiO 3 is assumed as a mixture of FeO and TiO 2 . This assumption is acceptable from a thermodynamic viewpoint and is used in several studies because the Gibbs energy of formation of FeTiO 3 is a small negative value as shown in eq. (1). In this study, MgCl 2 was used as the chlorinating agent. Even though MgCl 2 was dried in the vacuum oven prior to use, absorption of H 2 O from air is expected to occur during experimental preparation owing to the hygroscopicity of the MgCl 2 . Therefore, eq. (2) is to be considered in this reaction system. As shown in eq. (2), if H 2 O exists in the system, HCl gas can be produced from MgCl 2 at 1000 K in the molybdenumlined quartz crucible. In addition, it is easy to obtain HCl gas e in Fig. 6 pass through the stability region of FeCl 2 (l) in the hatched region. Therefore, iron in the titanium ore can be selectively removed from the ore directly as FeCl 2 (l,g) in the quartz crucible by the reaction shown in eq. (5). In addition, the reaction shown in eq. (2) 
( l ) e q . e x t r a p o la Figure 7 shows the representative photographs of the experimental apparatus after the experiments. As shown in Fig. 7(a) , a white deposit was found inside the low temperature portion of the quartz tube. In addition, the black color of the reactant titanium ore changed to bright grey color in the product residues, as shown in Fig. 7(b) . The results of the XRD analysis of the white powder shown in Fig. 8 indicated that the white deposit was FeCl 2 and FeCl 2 ·(H 2 O) 2 , as expected from the thermodynamic calculations mentioned before. The vapor pressure of FeCl 2 (l) produced from the quartz crucible and molybdenum-lined quartz crucible is 0.02 atm at 1000 K, which was sufficient to induce its evaporation. Therefore, FeCl 2 (l) evaporated from the both crucibles and solidified in the low temperature regions of the quartz tube. The H 2 O present in the FeCl 2 might have originated from the H 2 O produced in the quartz crucible or from the air when the silicone rubber plug was removed from the quartz tube during sample preparation for XRD analysis. Table 3 shows the results of XRF analysis of the residues obtained in the quartz crucible and the molybdenum-lined quartz crucible. Figures 9 and 10 show the XRD patterns of the residues obtained in the quartz crucible and the molybdenum-lined quartz crucible when the experiments were conducted under Ar gas or Ar + H 2 O gas atmosphere, respectively.
Observations after the experiments

Influence of atmosphere on the selective chlorination
As shown in Table 3 , Fig. 9 (a) and Fig. 10(a) , a purity of about 97% TiO 2 was obtained in the quartz crucible when the experiments were conducted under Ar gas or Ar + H 2 O gas atmosphere for 11 or 7 h, as expected from the thermodynamic calculation. A purity of TiO 2 was calculated by converting all elements in Table 3 to its nominal simple oxides. In addition, when the water bubbler was used in the experiments, the reaction time required for obtaining high purity TiO 2 decreased. As shown in Table 3 , the amount of iron removed from the titanium ore was greater when the experiments were conducted under Ar + H 2 O gas atmosphere than when the experiments were conducted under Ar atmosphere for equal reaction time. The reduction in the reaction time can be attributed to the active introduction of H 2 O vapor into the reaction system by using water bubbler, which led to the accelerated production of HCl gas from the MgCl 2 in the molybdenum-lined quartz crucible.
Among the impurities present in the titanium ore, MnO(s) can be removed by HCl gas by the reaction shown in the eq. (8). Table 3 shows that the concentration of Mn in the residues obtained in the quartz crucible decreased as the reaction time increased when the experiments were conducted under Ar gas or Ar + H 2 O gas atmosphere. In addition, the concentration of Mg in the residues obtained in the quartz crucible could not be assessed for all cases. Although the vapor pressure of MgCl 2 at 1000 K is as low as 0.0003 atm, MgCl 2 can evaporate depending on the atmosphere, such as in vacuum. Based on the results of the concentration of Mg listed in Table 3 , the authors inferred that there was no reaction through gas phase or negligible The residues condensed inside the low temperature part of the quartz tube Background Fig. 8 Results of the XRD analysis of the white deposit condensed in the low temperature portion of the quartz tube. : PDF #00-006-0494 Figure 11 shows the SEM images of the Vietnamese titanium ore before experiment and the residue obtained in the quartz crucible when the experiment was conducted under Ar gas atmosphere for 11 h. As shown in Fig. 11 , pores were generated on the surface of the residue after the experiment. These results show that iron was selectively removed from titanium ore as FeCl 2 (l,g) leaving pores on the surface of the residues in the quartz crucible because of the high vapor pressure of FeCl 2 at 1000 K. As a result, it can be expected that the HCl gas produced from the MgCl 2 could react with iron in the central portion of the titanium ore particle through the generated pores.
As shown in Figs. 9(b) and 10(b), the crystalline phases of the residues obtained in the molybdenum-lined quartz crucible were MgTiO 3 and MgO. Despite the presence of crystalline phase of MgTiO 3 in the residues revealed by the XRD analysis, the crystalline phase of MgO was also found in the residues present in the molybdenum-lined quartz crucible after the experiments. The most intense peak corresponded to MgO in most cases. These results show that the lines corresponding to the H 2 O(g)/HCl(g) eq.
e and MgO(s)/MgCl 2 (l) eq. a dominated the reactions that occurred in the quartz crucible and molybdenum-lined quartz crucible, respectively, when the experiments were conducted under Ar gas or Ar + H 2 O gas atmosphere.
Even though the iron was sufficiently removed leaving 1.2 or 1.8% in the titanium ore in the quartz crucible, about 18 or 19% of iron remained in the titanium ore present in the molybdenum-lined quartz crucible when the experiments were conducted under Ar gas or Ar + H 2 O gas atmosphere for 11 or 7 h, respectively. Figure 12 shows the SEM image and results of the EDS of a cross section of the residue obtained from the molybdenum-lined quartz crucible. As shown in Fig. 12 , the reaction between MgCl 2 and the central portion of the titanium ore particle was hindered because of the production of MgTiO 3 at the outer portion of the titanium ore particle. Therefore, iron was partially removed from the titanium ore in the molybdenum-lined quartz crucible.
4.3 Influence of the particle size of the titanium ore on selective chlorination Table 4 shows the results of analyzing the residues obtained in the quartz crucible and the molybdenum-lined quartz crucible, and Figs. 13(a) and 13(b) show the XRD patterns of the residues obtained in the quartz crucible and the molybdenum-lined quartz crucible, respectively, when various sizes of Vietnamese titanium ore were used as a feedstock under vacuum.
As shown in Table 4 and Fig. 13(a) , a purity of about 97% TiO 2 was obtained in the quartz crucible when the particle size ranged from 44 to 297 µm. It is certain that the HCl gas produced from the molybdenum-lined quartz crucible could react with the entire volume of the titanium ore particle through the pores generated by the reaction between HCl gas and iron. Therefore, according to these results, the selective chlorination reaction that occurred in the quartz crucible did not depend on the particle size of the titanium ore.
It was also reconfirmed that the concentration of Mn in the residues obtained in the quartz crucible decreased because of the reaction shown in the eq. (8) for all the particle size ranges. However, the concentration of 1.11.2% Mg in the residues obtained in the quartz crucible was analyzed when the experiments were conducted under vacuum, while the concentration of Mg in the residues obtained in the quartz crucible could not be detected when the experiments were conducted under Ar gas atmosphere. In addition, a weak intensity peak of MgTiO 3 was identified, as shown in Fig. 13(a) . These results show that even though the vapor pressure of the MgCl 2 is low as 0.0003 atm at 1000 K, a portion of MgCl 2 evaporated from the molybdenum-lined quartz crucible reacted with the titanium ore in the quartz crucible under vacuum.
As shown in Table 4 and Fig. 13(b) , about 2225% of iron remained and MgO and MgTiO 3 were produced in the molybdenum-lined quartz crucible. It is expected that iron in the center of the titanium ore particle does not react with the MgCl 2 due to the formation of MgTiO 3 at the outer part of the titanium ore particle, similar to the case shown in the Fig. 12 . In addition, MgO(s) found in the molybdenum-lined quartz crucible also shows that the lines corresponding to the H 2 O(g)/HCl(g) eq.
e and MgO(s)/MgCl 2 (l) eq. a dominated the reactions that occurred in the quartz crucible and molybdenum-lined quartz crucible, respectively. Table 5 shows the results of analyzing the residues obtained in the quartz crucible and the molybdenum-lined quartz crucible, and Figs. 14(a) and 14(b) show the XRD patterns of the residues obtained in the quartz crucible and the molybdenum-lined quartz crucible when the Australian titanium ore and the Chinese titanium ore were used as a feedstock, respectively.
Various kinds of the titanium ores produced in several countries
As shown in Table 5 and Fig. 14(a) , a purity of about 92% TiO 2 was obtained in the quartz crucible. The purity of TiO 2 obtained was lower than that obtained when the Vietnamese titanium ore was used as the feedstock. As shown in eq. (8), Mn in the titanium ore can be removed by HCl gas produced from the molybdenum-lined quartz crucible. However, it is difficult to remove other impurities such as Al, Si, Zr and Nb in the titanium ore by HCl gas, as shown in eqs. (9) and (10) . The amount of these impurities in the Australian titanium ore and the Chinese titanium ore are larger than the amount of the impurities in the Vietnamese titanium ore as shown in Table 1 . When comparing the purity of residues obtained in the quartz crucible, the purity of the residue obtained from the Australian and the Chinese titanium ores (92 and 92% TiO 2 ) was lower than that of the residue obtained from the Vietnamese titanium ore (97% TiO 2 ). In practice, this difference is unimportant because a purity of 92% TiO 2 is sufficient for application of the Kroll process. 
Conclusions
The authors have considered the use of MgCl 2 as the chlorinating agent to develop a selective chlorination process for producing high purity titanium dioxide by upgrading lowgrade titanium ore containing 51% TiO 2 . Iron was removed from the titanium ore as FeCl 2 (l,g) by the HCl gas produced from the MgCl 2 /titanium ore mixture at 1000 K in the quartz crucible and TiO 2 with purity of 97% was obtained when the experiments were conducted under Ar gas or Ar + H 2 O gas atmosphere. The time required for the completion of the reaction was decreased when the experiments were conducted under Ar + H 2 O gas atmosphere because of the accelerated production of HCl gas.
The authors also demonstrated the direct production of 97% TiO 2 from the Vietnamese titanium ore that contained particles of sizes ranging from 44 to 297 µm by using the HCl gas produced from MgCl 2 /titanium ore mixture. In addition, when the Australian or the Chinese titanium ores were used as the feedstock, 92% TiO 2 was obtained. This was attributed to the presence of impurities like Al or Si in the titanium ore that were difficult to remove by HCl gas.
The iron present in the titanium ore was also removed as FeCl 2 titanium ore. However, when the MgCl 2 directly reacted with the titanium ore, 1825% of iron remained in the titanium ore because of the formation of MgTiO 3 at the outer part of the titanium ore, which hindered further reaction between MgCl 2 and iron present at the central portion of the titanium ore particle, physically. (a) Fig. 14 (a) XRD patterns of the residues obtained in the quartz crucible when various types of titanium ore were used as feedstock: (1) Australian ilmenite and (2) Chinese ilmenite. (b) XRD patterns of the residues obtained in the molybdenum-lined quartz crucible when various types of titanium ore were used as feedstock: (1) Australian ilmenite and (2) Chinese ilmenite.
